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The Ce compounds CeCoIn5 and CeRhIn5 are ideal
model systems to study the competition of antiferromag-
netism (AF) and superconductivity (SC). Here we dis-
cuss the pressure–temperature and magnetic field phase
diagrams of both compounds. In CeRhIn5 the interesting
observation is that in zero magnetic field a coexistence
AF+SC phase exist inside the AF phase below the criti-
cal pressure p⋆c ≈ 2 GPa. Above p⋆c AF is suppressed in
zero field but can be re-induced by applying a magnetic
field. The collapse of AF under pressure coincides with
the abrupt change of the Fermi surface.
In CeCoIn5 a new phase appears at low temperatures and
high magnetic field (LTHF) which vanishes at the up-
per critical field Hc2. In both compounds the paramag-
netic pair breaking effect dominates at low temperature.
We discuss the evolution of the upper critical field under
high pressure of both compounds and propose a simple
picture of the glue of reentrant magnetism to the upper
critical field in order to explain the interplay of antifer-
romagnetic order and superconductivity.
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1 Pressure–temperature phase diagrams The
competition and/or coexistence of long range antiferro-
magnetism (AF) and unconventional superconductivity
(SC) has been studied intensively in Ce heavy fermion
compounds, notably in the Ce 115 family. This family of-
fers the possibility to study the interplay of the different
ground states by tuning the system either by pressure (p),
or by magnetic field (H). CeCoIn5 is superconducting at
ambient pressure and no magnetism appears at zero mag-
netic field and on applying pressure. The observed non
Fermi liquid properties in the normal state coupled to the
strong coupling of SC indicate the closeness to a quantum
critical point in CeCoIn5. Under pressure, the supercon-
ducting transition temperature Tc has a maximum around
pmax = 1.3 GPa and the superconducting domain extends
up to at least p = 5 GPa [1,2] (see Fig. 1a). The general
picture for the high pressure phase diagram of CeCoIn5
is that with increasing pressure the critical antiferromag-
netic fluctuations are suppressed and an usual Fermi-liquid
ground state is observed above p ≈ 1.5 GPa. The in-
crease of Tc may be explained by the increase of the heavy
fermion band width [3].
CeRhIn5 orders at ambient pressure below TN = 3.8 K
in an incommensurate antiferromagnetic structure with an
ordering vector qic =(1/2, 1/2, 0.297). Under pressure,
TN(p) has a smooth maximum around 0.7 GPa and in zero
magnetic field AF is rapidly suppressed above p⋆c ≈ 2 GPa
(see Fig. 1b)). At the pressure p⋆c the Ne´el temperature
TN and the superconducting transition temperature Tc co-
incides. For p > p⋆c the opening of the superconducting
gap ∆SC prevent the formation of long range magnetic
order in zero field. Below p⋆c coexistence of AF and SC
is reported [6,4,5]. However, the transition to the AF+SC
state appears inhomogeneous and the anomaly of the su-
perconducting transition in the specific heat is very tiny. In
neutron scattering experiments it is observed that the mag-
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Figure 1 a) Pressure temperature phase diagram of
CeCoIn5 at zero magnetic field from specific heat and ac
susceptibility measurements [2]. b) Pressure temperature
phase diagram of CeRhIn5 at zero magnetic field from spe-
cific heat measurements [4]. The square indicates TN for
p = 2.05 GPa > p⋆c observed in recent NQR experiments
[5]
netic structure of CeRhIn5 is modified under pressure and
the magnetic ordering vector at p = 1.7 GPa has changed
to qic =(1/2, 1/2, 0.4) [7,8]. The ordered magnetic mo-
ment can be estimated to be lower than 0.2 µB. The ground
state AF+SC at lowest T was proved to be homogeneous
by NQR indicating the microscopic coexistence of AF and
SC [5,9]. The remarkable observation is that the magnetic
ordering is changing from incommensurate to commensu-
rate with qc = (1/2, 1/2, 1/2) at p ∼ 1.7 GPa in the uni-
formly coexisting phase AF+SC. Fortunately NQR exper-
iments can be performed in better hydrostatic conditions
than neutron scattering measurements and thus is seems
reasonable to believe that below p⋆c the transition from AF
to AF+SC is associated with a simultaneous magnetic tran-
sition from incommensurate to commensurate AF and a SC
transition. This leads to a specific heat anomaly very far
from the usual BCS behavior. Tiny traces of the commen-
surate phase have been observed in the NQR spectra even
at lower pressures and this can explain the observation of
superconducting transitions in resistivity or ac susceptibil-
ity which has been also reported [10,11]. Thus AF and SC
coexist only if AF has a commensurate structure. A mis-
match between incommensurate magnetic ordering and the
lattice periodicity is not compatible with an homogeneous
AF+SC state. Above p⋆c the ground state is purely super-
conducting with d wave symmetry [12]. A drastic change
of the Fermi surface at the critical pressure pc indicates the
transition from an 4f localized to a 4f itinerant state [13].
This change coincides with the maximum of the residual
resistivity and the effective mass [14]. The shape of the
paramagnetic Fermi surface at high pressure is very close
to that of CeCoIn5 at ambient pressure.
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Figure 2 a) Magnetic field–temperature phase diagram of
CeCoIn5 at zero pressure obtained by ac calorimetry for
H ‖ a. The microscopic origin of the ”LTHF” phase is still
under debate; surely, it has a magnetic and superconduct-
ing component. b-d) H − T phase diagram of CeRhIn5
at p = 1.7 GPa (p < p⋆c ), 2.4 GPa (p⋆c < p < pc), and
2.6 GPa (p > pc) for magnetic fields in the ab-plane.
2 Magnetic phase diagrams The H − T phase dia-
gram of CeCoIn5 is plotted in Fig. 2a) for a magnetic field
H ‖ a. It shows the peculiarity that the superconducting
transition gets first order below T0 ≈ 0.7 K ≈ 0.3Tc [15,
16,17,18,19,20,21] for both field directions. This first or-
der transition is either due to strong paramagnetic effects or
due to a strong polarization of the Ce atoms in high mag-
netic fields [22]. Furthermore at low temperature and high
magnetic field a new phase (LTHF) appears inside the su-
perconducting state which was first claimed to be a Fulde-
Ferrel Larkin-Ovchinnikov (FFLO) state (an overview is
given in Ref. [23]). SC in CeCoIn5 seems favorable for the
formation of such a state. However, recent neutron scatter-
ing experiments clearly show that the LTHF phase has at
least a magnetic component as incommensurate magnetic
ordering has been observed [24]. Astonishingly, the upper
field limit of the LTHF phase coincides with the SC up-
per critical field Hc2 and the magnetic Bragg peaks disap-
pear abruptly at Hc2. Under pressure the area of the LTHF
state expands and appears at higher temperatures and lower
magnetic fields and the first order transition is observed at
higher temperatures [25].
At low field, SC appears in CeCoIn5 out of a non-
Fermi liquid regime. Only for H > Hc2 Fermi-liquid
behavior is observed and a magnetic field induced quan-
tum critical point may be achieved at HQCP ≈ Hc2 for
both field directions [26,27]. Detailed very low tempera-
ture transport measurements clearly show that the Fermi-
liquid temperature does not vanish exactly at Hc2, but in-
side the SC state [28] as has been suggested from Hall ef-
fect measurements [29]. Under pressure HQCP vanishes
around pmax ≈ 1.3 GPa [30] and a clear separation be-
tween HQCP and Hc2 has been observed. If HQCP is con-
nected to some hidden magnetic ordered state this would
be suppressed at pmax.
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Figure 3 Typical form of the obtained signal in the phase
of the ac signal obtained for CeCoIn5 at p = 1.3 GPa for a
magnetic field H ‖ c-axis. The transition gets very peaked
below T0 ≈ 1.2 K, which may indicates the change to a
first order transition.
The (H,T ) phase diagram of CeRhIn5 is shown in
Fig.2b-d) for different pressures. Below p⋆c SC appears in-
side the AF ordered state. Here we have plotted the su-
perconducting phase detected by resistivity measurements
which may not probe bulk SC. The magnetic phase dia-
gram seems to be unchanged in comparison to p = 0 and
SC appears on top of the AF phases. For p > pc ≈ 2.5 GPa
magnetic order can not be observed anymore. The inter-
esting case appears for p⋆c < p < pc. In zero field the
ground state is purely superconducting, but under the ap-
plication of an external magnetic field, not only SC is sup-
pressed, but also AF order reenters inside the SC state [6,
4]. The idea is that AF nucleates inside the vortex cores
and long range order would be promoted thanks to super-
conductivity. This re-entrance phase collapses at pc. The
microscopic nature of the coexistence AF+SC state is not
determined up to now, neither for the AF+SC state at zero
field below p⋆c nor for the field induced state in the pressure
range p⋆c < p < pc. No anomaly can be detected when the
TN(H) and the Hc2(T ) lines are crossing. One remark-
able difference is that in CeRhIn5 the magnetic order is
preserved far above Hc2 but in CeCoIn5 the field induced
state is limited to the upper critical field.
3 Upper critical field and superconducting phase
diagram More detailed information on the superconduct-
ing state can be obtained from an analysis of the upper crit-
ical field Hc2. Generally, Hc2 is determined by orbital and
paramagnetic pair breaking effects. The orbital effect can
be estimated from the initial slope H ′c2 = (dHc2/dT ) of
Hc2 at Tc using Horb = −0.7H ′c2Tc [31]. As close to Tc
the orbital effect is always dominating over the paramag-
netic effect, which would have an infinite slope at Tc, the
measured initial slope can also be used to estimate the av-
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Figure 4 Upper critical field of CeCoIn5 for magnetic field
H ‖ a (a) and H ‖ c. Arrows indicate T0 where the tran-
sition changes to first order at high magnetic fields. A nice
signature of the LTHF phase has only been observed for
H ‖ a at zero pressure.
eraged effective mass of the carriers perpendicular to the
applied magnetic field as −H ′
c2 ∝ (m⋆)2Tc.
The paramagnetic pair breaking effect originates from
Zeeman splitting of the single electron levels and its value
can be estimated by HP =
√
2∆SC/gµB with ∆SC being
the value of the superconducting gap at T = 0 and g the
gyromagnetic ratio. The main difficulty in evaluating HP
concerns the correct estimation of the g factor which can
significantly deviate from the value g = 2 of a free elec-
tron due to spin-orbit coupling or the exchange with local
moments. Furthermore, for superconductors where strong
coupling corrections are important (which is the case for
the Ce 115 family), the enhancement of the coupling pa-
rameter λ leads to a weaker paramagnetic limitation. As
discussed previously [14] for CeCoIn5 and CeRhIn5 strong
coupling has to be taken into account to give a correct fit
of Hc2 over the whole temperature range up to Tc.
In the following we discuss qualitatively the pressure
evolution of Hc2.
3.1 CeCoIn5 Hc2 of CeCoIn5 has been measured by
ac calorimetry in a diamond anvil high pressure cell with
argon as pressure medium. Measurements for different
field directions are performed in the same pressure cell
which can be rotated by 90◦ inside a superconducting
magnet with 13.5 T maximal field. Typical experimen-
tal data are shown in Fig. 3. From the sharp transition in
the phase of the measured thermocouple voltage the Hc2
phase diagram can be plotted. Figure 4 shows Hc2(T ) for
different pressures up to 4 GPa for both field directions. At
low pressure we find good agreement with previously pub-
lished data [20,25]. In difference to [25], we do not find a
clear signature of the LTHT phase in our experiment. Thus
we will not to discuss its variation under pressure in detail.
However, we can detect the first order transition at high
magnetic fields for H ‖ a (Hac2) up to 1.5 GPa and for
Copyright line will be provided by the publisher
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Figure 5 a) Pressure dependence of the initial slope of
CeCoIn5 for field H ‖ a (circles) and H ‖ c (crosses).
b) Normalized effective mass determined from the initial
slope m⋆ ∝ √H ′/Tc (weak coupling approximation) for
H ‖ a (circles) and H ‖ c (crosses) as function of pres-
sure. Furthermore the jump of the specific heat ∆C/C at
Tc normalized to its value at p = 0 from [2] is plotted
(stars).
H ‖ c (Hcc2) up to 2.6 GPa. In CeCoIn5 the anisotropy of
the critical field Hac2/Hcc2 for T → 0 increases from 2.2 at
p = 0 to 3 at 2.6 GPa.
The pressure dependence of the initial slope H ′ is
shown for different field directions in Fig. 5a). H ′ de-
creases monotonously with pressure for both field direc-
tions. No anomaly appears close to pmax. This shows that
CeCoIn5 is pushed away from any quantum critical point
under pressure and antiferromagnetic fluctuations are con-
tinuously suppressed [3]. From the initial slope we can es-
timate that the effective mass which is plotted normalized
to its value at zero pressure in Fig. 5b). It decreases almost
by a factor of 2 for both field directions. This is consistent
with the drop of the cyclotron masses of the α branches
and the β branch of the cylindrical Fermi surfaces which
decrease from 15m0 to 7m0 and from 60m0 to 40m0 at
3 GPa, respectively [32]. In Fig. 5b) we compare the p de-
pendence of H ′/Tc with that of the jump of the specific
heat at Tc from ref. [2]. ∆C/C = 5 at Tc for p = 0 and
decreases to 1 for p = 3 GPa which is the value for a BCS
superconductor with d wave gap. This large jump ∆C/C
at p = 0 can be explained by a strong coupling of the SC
order parameter to a fluctuating magnetization originated
by a suppressed putative AF transition below Tc [33]. Up
to p ≈ 1.5 GPa the relative p dependence of
√
H ′/Tc and
∆C/C at Tc normalized to its zero pressure value scale
very well, but for higher pressures, the normalized ∆C/C
decreases much faster. Remarkably, this corresponds to the
pressure where HQCP → 0. This may indicate that the
AF fluctuations are strongly suppressed for p > pmax and
(the coupling between the fluctuations and the SC order
parameter becomes almost inefficient at high pressures and
0 1 2 3 4
0
10
20
30
40
0 1 2 3 4
0
10
20
30
40
50
Horb
Hc2(0)
 H
 (T
)
 
p (GPa)
b) H // c
  H
 (T
)
 
p (GPa)
a) H // a
Figure 6 Pressure dependence of the orbital limit Horb =
−0.7H ′Tc and upper critical field Hc2(0) for T → 0 for
H ‖ a and H ‖ c. Lines are guides to the eyes.
∆C/C is no more determined by the strong coupling, but
reaches the constant BCS value of weak coupling limit.
In Fig. 6 we compare at T = 0 the theoretical orbital
critical field Horb with the experimental data extrapolated
to 0 K as function of pressure. For H ‖ c the measured
critical field is monotonously decreasing with increasing
pressure. At p = 4 GPa we extrapolateHc2(0) ≈ 1 T. Con-
trary, Hc2(0) increases as Tc for H ‖ a and goes through
a maximum at 1.3 GPa. The correct determination of the
Pauli limiting field from a fit of Hc2 with theoretical mod-
els is difficult. Previously we found g = 4.7 at p = 0 for
H ‖ c and g = 7 for p = 1.34 GPa whereas for H ‖ a a
g-factor around 2 has been observed [14]. There is no sim-
ple explanation of the strong enhancement of g for H ‖ c.
However, it is obvious that at low pressure Hc2(0) is dom-
inated by the paramagnetic effect for both field directions,
and for H ‖ c this effect is even much more pronounced.
For H ‖ c the orbital critical field decreases monotonously
as the initial slope and is of the order of the experimental
value for p ≈ 2.5 GPa. For H ‖ a the orbital critical field
Horb is at p ∼ 1.5 GPa on the same order than Hc2(0) due
to the strong suppression of the initial slope under pressure.
From these data it gets obvious that the Maki parameter
α =
√
2Horb/Hc2(0) is strongly pressure dependent and
decreases for H ‖ a from 4.4 to 1.34 at 2.6 GPa, for H ‖ c
the drop from 7.4 to 1.8 is even stronger, thus under high
pressure the appearance of a sole superconducting FFLO
state is unlikely.
3.2 Comparison with CeRhIn5 Finally, we compare
the p dependence of Hc2 of CeCoIn5 to that of CeRhIn5.
Fig. 7a) shows Hc2 of CeRhIn5 for H ‖ ab plane obtained
from previous resistivity measurements [14]. The values
of Tc and Hc2 are comparable to CeCoIn5 at ambient pres-
sure.From the initial slope the pressure dependence of the
effective mass can be estimated as shown in Fig.7b). In dif-
ference to CeCoIn5 the maximum of H ′ coincides with the
maximum of T. However, the pressure dependence of the
A coefficient of the resistivity measured under a magnetic
Copyright line will be provided by the publisher
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Figure 7 a) Upper critical field of CeRhIn5 for field in
the ab plane for different pressures. b) Pressure variation
of H ′/Tc (squares) and the A coefficient (circles) of the
resistivity measured at 15 T normalized to their values at
the critical pressure pc for CeRhIn5.
field of 15 T has a much stronger pressure dependence.
This strong p dependence of A above pc may be due to a
possible change of the degeneracy of Ce associated with
the crossing of a valence quantum critical point [34] under
pressure. This will affect strongly the transport properties,
e.g. the Kadowaki Woods ratio will change by a factor of
15 entering in the intermediate valence regime [14].
It is worthwhile to remark that despite a quite sim-
ilar topology of their paramagnetic Fermi surfaces, the
CeRhIn5 and CeCoIn5 differ drastically in the anisotropy
of Hc2. H ′c2 is less anisotropic in CeRhIn5 but Hac2 < Hcc2
in difference to CeCoIn5 [35]. This strongly indicates that
the effective mass build by the correlations is very sensitive
to the replacement of Rh by Co and the interplay between
the 4f electrons of Ce and 3d or 4d electrons of the transi-
tion metal which differ strongly on their spatial extensions.
Concerning the LTHF phase of CeCoIn5 in compari-
son to the field induced AF+SC in CeRhIn5 a simple pic-
ture which emerges is the interplay between the supercon-
ducting gap ∆SC and a pseudogap ∆AF which is built
through the establishment of the itinerant AF order. Mag-
netic field will modify the SC gap and also the evolution
of the spin resonance observed in neutron scattering [36].
Close to Hc2 ∆SC may have a form like the pseudogap
shape due to the appearance of vortices favorable for the
recovery of AF, which may be hidden by superconductiv-
ity. In absence of superconductivity CeCoIn5 at p = 0 is
assumed to be an AF with TN < Tc and a critical magnetic
field HM < Hc2(0). The strength of ∆SC prevent the es-
tablishment of AF in zero field at p = 0. Under magnetic
field ∆SC decreases, but at some field HLTHF it will be of
the same order as the pseudogap ∆AF, and AF will reenter
and be stabilized by the SC gap up to Hc2(0). Above Hc2
AF in CeCoIn5 is not possible as AF needs the SC gap. A
test of the possible validity of this simple image would be
to follow the interplay of ∆SC and ∆AF under pressure.
If ∆SC(p) decreases under pressure as the strong coupling
may get less important (at least above 1.3 GPa Tc(p) de-
creases) the condition ∆SC(H),= ∆AF(H) under pres-
sure may be realized for a smaller value of H/Hc2 than at
p = 0, in good agreement with the previous experimental
observation [25]. Obviously, the AF correlations collapses
around pmax and thus it is expected that the LTHF phase
disappears at this pressure.
The complex (H,T, p) phase diagram of both systems
is governed by the coupling of critical fluctuations to the
superconducting order parameter. In zero field, both sys-
tems, CeCoIn5 already at p = 0 and CeRhIn5 above p⋆c ,
correspond to the case where AF order is suppressed due
to SC. However, a magnetic field leads to a renaissance of
AF.
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